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1. INTRODUCTION

A low energy proton spectrometer (LEPS) was flown on the Air Force
$3-2 polar orbiting satellite to observe primarily the trapped protons
in the 0.1 to 6 MeV energy range (Pantazis et al., 1975). 1In the polar
regions, which usually showed low proton flﬁxes, the LEPS recorded high
counts in a single direction below the satellite horizon over the course
of the five-month operational period. The same pattern of observations
can be secn in the work of Tmhof et al. (1974), where a Ge(Li) spectro-
meter was used to observe bremsstrahlung X-rays from the auroral zones.
Although the LEPS is theoretically inefficient in detecting X-rays, in
this report we contend that it is the X-ray aurora that best explains
qualitatively the dominant feature of the LEPS polar observations.

During the last decade several researchers have correlated observed
¢lectron spectra with observed X-ray spectra in the auroral zones. In
such research, bremsstrahlung X-ray measurements provide a broader pic-
ture ol the auroral zones than the more spatially limited electron ob-
servations. This report offers qualitative observational information
on the subject of the correlation between precipitating electrons and
the emerging bremsstrahlung X-rays as observed by detectors on the 53-2
satel Vite,

The Air Force S3-2 satellite was launched December 5, 1975 into
y nolar orbit in the noon-midnight meridian with an apogee of 1540 km,
perigee of 230 km, inclination of 96.3 degrees, and a period of 1.71

hours. The as‘ending node was on the nighttime equator. The satellite

spin eriad was anproximately 18.5 seconds, with the spin axis perpen-
dicular to the orbital plane.
The 1LEPS provided useful proton observations in the trapping and

precipicating latitudes during the operational period from launch,
December 1975 to May 1976, However, in the polar repions, here defined
as polevard of the precipitating regions, although evidence of any
solar proton fluxes is sparse and restricted to solar active periods,
the obscervation of varving high counts from a single preferred direc-
tion Lelow the satellite horizon persists throughout the five month

neriod.  This report explains that these anomalous polar observations
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are the result of electromagnetic radiation, namely, bremsstrahlung X-
rays originating in the auroral zones.

The following section gives a description of the LEPS polar obser-
vations. Since the most statistically significant counts are contained
in the first energy channel (100 * 20 keV), we will concentrate on that
energy channel. Usually, only the first six channels have statistically
significant counts (82 keV < E - 680 keV). Evidence that the observa-
tions must be due to the elcctromagnetic radiation necessitates the
evaluation of the finite sensitivity of the LEPS to X-rays in the hun-
dred keV energyv range. Analvsis of the observations will then give con-
firmation that X-ray aurorae and not solar particles, per se, are what
were observed. Because of the low efficiencv of this detector to X-
rays, however, only qualitative, order of magnitude conclusions on

these polar observations of the X-ray aurorace can be made,

2. OBSERVATIONS

From roughly 1100 $3-2 data tapes processed by the Air Force Geo-
physics Lab., 245 tapes, each containing a partial or full orbit during
the 10 December 1975 to 26 April! 1976 operational period tor the LEPS,
have been further processed. Fipure 1 shows a tvpical data record of
the spin-modulated counting rates plotted as a function of time for a
northern hemisphere pass in the 100 keV energv channel of the LEPS.
Night and day trapping, precipitating and polar regions are indicated
in the figure. This pass shows a4 svmmetry in the polar ohservations
between night and day.  In the northern hemisphere, orbit: 1l passes
during the time interval of 18 to 24 hours UT toll close 1o the mid-
night-noon magnetic meridian, Orbital passes outside of this universal
time interval fell toward the evening sector away from the midnight-
noon magnetic meridian. Svmmetry of the polar observations in passing
from the night to dayside of the magnetic pole correfates well with the
closeness of the orbit te the midnight-noon mapnetic meridian. In con-
trast to the data shown in Figure 1, the dynamic range ot the polar

counts is demonstrated by the April 17, 1976 polar pass (of Fip. 2)

which shows minimal (near zero) counts during the time of very low




magnetic activity (Kp = 2-). 1In general, a correlation existed between
the magnitude of the polar counts and the magnitude of the planetary

magnetic three-hour-range indices, Kp, reproduced in Figure 3 for the

3

five month period under consideration. In their recent work, Imhof co ab.

(1984) present cevidence that the local dask sector expericonces the more
intense electron precipitation, and hence X-rav bremsstrahlung, compared
to any other local geomagnetic time region.,  The §3-2 LEPS north polar
ohservations during the five months observing period tend to add evi-
dence to this case. The S$3-2 orbit did not traverse the northern dawn
sector.  But the comparison of the polar observations from orbits over
late night to late morning vs. early evening to noon show that the dusk
sector gives the relatively higher counts (proportional to the Kp of
the time).

In Figure 4, a plot of the range in invariant latitude, local geo-
magnetic time covered by the satellite's north polar orbits is demon-
strated.  The 9h + 3h ¢t pass represents one extreme where the orbit
passes along the dusk side over the auroral oval, The 21h £ 3h UT pass
gives the other extreme where a late evening to late morning crossing
over the auroral oval is made., Orbits at other universal times ltie in
hetween these extremes.  Approximate invariant latitude and local geo-
magnetic time for anv of the counts vs. time plots, piven its universal
time, can be read off the auroral oval nomograph of Figure 4.

Figure 5 pives a representative selection of the data from the
north polar region for the five month period. For active to quiet
magnet ic Kp indices, column A demonstrates the data for the dusk side
passes and colump B for the late evening to late morning passes.

'he counta/second over a siaple [8-second spin period in the polar
region show an asymmetric distribution with a persistent single enhanced
peak (¢f . print plot, Figuare 10). In contrast, a monoepergetic beam of
charged-particle radiation in the presence of 4 magnetic tield and
hence spiraling particles, must show a double peak of egnal intensity
to o detector viewing around a plane (el . Figure 6) . The apiraling
charped radiation would pive equal intensity peaks at 39 piteh angle.

Although the LEPS polar obscrvations usaally contain two peaks within
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a single spin, they are neither of equal intensity nor separated by o
pitch angle. The peaks occur at piteh angles of 1207 ant #1107 in the
north night and day, respectivelv, and at pitch angles of =807 and +70
in the south night and day, respectively, Although this is a difterence
of only 10°, nevertheless the argument for a single peak is corroborated
from the strong connection of the look dirccetion angle of the peak to
the geometrical location of the auroral zone. This will e explained
more fully in a later section. Thus, the evidence is thar the peak ob-
servation is not of charged particles, i.ce., protons or clectrons, but
rather, is from viewing two discrete sources of electromametic radia-

tion at two different directions.

3. DETECTOR SENSITIVITY

The LEPS was designed to detect and analvze protons in the 0.1 to
6 MeV energy range. Two totally depleted SiLi) sarface sarrier detoo-
tors were used in an anticoincidence mode. Full description of the in-
strument can be found in Pantazis et al. (1975%), Table 1 gives the
energies of the eleven channels of the LEPS.,  The wide antle (467) LEPS
instrument on the S3-2 satellite gave useful proton observations in the
high flux, trapping and precipitating regions during the “ive month
operational period. The anomalous single peak observatioas in the polar
regions raise the question of the sensitivitv of the LEPS to X-ravs.

An incident X-ray can generate dan clectronic charge in the detec-
tor's sensitive volume in three cnergv-dependent wavs: by the photo-
electric effect, by the Compton effect, and bv pair-production.  The
fact that pair-production occurs above 1.1 MeV, where the LEPS in the
polar regions sces no counts, makes it unnecessary to consider it here.
Figure 7 shows the percent cefficiency to charge generation trom the
photoelectric and Compton effects in the 300 1 silicon tront detector,

These curves are computed from the transmission cquation

—-iix
N = N,v
where Ny = number of incident photons at g particular energy,
N = number of transmitted photons,




absorption coetfficient in silicon for particular ecnergyv,

X thickness of silicon.

[t can be seen that the LEPS is about an order of magnitude more
sensitive to electron charge generation by Compton scattered electrons
than by photoclectrons at 100 keV, At higher ecnergies the photoelectric
eftect is a much less efficient source of electron generation.  Con-
sequently, charge in the front detector, primarily due to Compton
scattered electrons from an incident X-ray source, would give pulses or
counts in the 100 keV to 6 MeV energy channels. (learly, the LEPS is
not immune to X-ravs. In fact, in a space region devoid of protons, an {

X-rav flux could dccount for a significant counting rate by Compton

scattering alone., 4
4. ANALYS1S

The source of the single peak polar observation will be explored and
discussed in this section. For a detailed analysis we have selected the
data acquired during a north polar pass in a magnetically active time.
The same considerations and results to be expressed here apply, in form,
to all the polar regions both north and south during the five month
period.

The single peak obscrvation by the LEPS when in the polar region
is not due to a source local to the satellite. Protons cannot be a
local source for two reasons.  First, another experiment onbpard the
same §3-2 satellite showed that the proton flux, specifically at 100 keV,

in the polar regiom was at background level with no preferential pitch

angle peak (A.L. Vampola, private communication). Seccond, as stated
carlicr, o proton flux at anv one energy and a preferred direction would show
at teast a double peak of equal intensity at piteh angles 0 The
Fact that the LEPS efficiently and accuratelv obscerved the proton flux 4
outside the polar region is reason enough that any proton flux within
the polar repion would also be sceen,

Likewise, electrons can be rnted ont as o local source of the LEPS
single-peak polar observations - either directiv or as a source of local

bremastrabhlang.  Dircetldy, the LEPS is immune to sceing clectrons by

T T A= T PO L sl S . s MR 8+ il s o
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being equipped with a 1400 gauss sweeping magnet. This magnetic
shielding efficiently swept away electrons up to 600 keV in the high tlux
trapping region, i.e., the trapped proton observations by the LEPS were
uncontaminated by electron counts. Local bremsstrahlung cannot be a
source of the single peak for two reasons. First the enerpetic eledctron
flux seen by another experiment onboard the same S3-2 satellite (A L. Vampola,
private communication), while in the polar region, was at a low level.
Second, if the LEPS were sensitive to local bremsstrahlung generated by
the low-level electron flux despite the reasonably adequate shielding of
the LEPS, then presumably the observation would be more or Jless omni-
directional and not at the single significant direction. Furthermore,
the same sensitivity would be apparent in the trapped radiation regions
where there are large fluxes of trapped clectrons. The single preferred
(consistently recurrent) direction of the polar observation is in fact
explained in the following text by a source remote to the satellite,
namely, the X-ray aurora.

It is known that the auroral zone emits X-rays isotropically by
the bremsstrahlung process due to precipitating clectrons incident on
the atmosphere at approximately 100 km altitude. The single peak ob-
served by the LEPS in the polar region is evidence of its sensitivity
to electromagnetic radiation in the X-ray (100 keV) energies; the pre-
ferred direction of this single peak observed from various orbital
vantage points is precisely the direction of the aurora.

Because of the extreme magnetic activity, we analvze in detail
the data of orbit 1569 on March 26, 1976, Qh UT in the following di--
cussion (ef. Figure 8). Figure 9 shows to scale, in the orbiting plane,
the north polar pass of the orbit 1569, The look angle from the local
nadir at which the single peak is scen is portraved from four orbital
vantage points (a,b,c,d). Figure 10 shows the 100 keV obscervations
during a single spin corresponding to the four vantage points.  Here
pitch angles are given.

As the satellite passes in the night side, from south of the aurora
where the peak occurs at look angle #8847 of ' the nadic to the north o
the aurora where the peak is seen at =65 off the nadir, the anple of
the peak might be expectoed to move throuph zero deprecs. However, wit h

'

the LEPS aperture of 467 at an altitue  of approximately 1200 kmy bes:

Y
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arcen of the aurora is in view when overboead than wher ob ligoue . Foartaermore
when the aurora is viewed perpendicular'  coempared to nearly borioon-
tally to its area, 4 decrease in X-rav intensity greater than an oruer
of magnitude occurs. This effect is presented in detail by the recont
work of Walt et al. (1979) whe show that bremsstrahlung X-ravs escape
the auroral zone preferentiallv at angles near the horizontad.  Also,
this eftect is more pronounced for the hivher photon enercics. At
vantage point ¢ (cf. Figure 9), the dayside peak has increased to a
brightnes.s equal to the decreasing nightside peak. As the satellite
moves on to vantage point d, the look angle tends to move slightly
closer to the nadir (from 4657 now to +60°) before the single peak is
covered by the precipitating and trapping proton {luxes.

The auroral zone is located within the field of view of the 46°
aperture of the LEPS when pointing at these look angles both for the
nipht and davside aurorae. Corroboration of this fact is obtained from
the location of the precipitating eclectron regions given by two electron
experiments on board the same S$3-2 satellite for the same March 26, 14976
orbital pass as well as from a DMSP photopraph of the visible aurora.
Flectron observations in the 36 to 317 keV encrgy range (A.L. Vampola, pri-
vate communication) locate the precipitating, and consequently auroral,
repion belween 49 to 617 magnetic latitude. Observations from an elec-
tron sensor in the 80 ¢V to 17 keV energy range (R. Vancour, private
commenioation) locate the precipitating region between 527 and £0° mag-
netic latitude.  The DMSP photograph (ef. Figure 11) of the visible
aurora from an orbital pass crossing the same nighttime auroral arca as
the S3-2 satellite and just 25 minutes after the S3-2 pass puts the
cquatorwar:l edge of the bright continuous aurora at a corrected goo-
magnetic latitude of H8°, Bright discrete arcs and bands are observed
poleward to 68°,  The sudden commencement of the major geomagnetic
storm bepan at 0233 UT.  The Ap value reached 138, making it the §fifth
hipghest value of the 20th solar evele.  The planctary magnetic three-
hour-range index, Kp, for this date remained high for 24 hours.  The
carth's polar cap underwent a very large expansion during this storm,

In Figure 17, borh the S83=2 and DMSP orbits arce plotted on the aurorai

10




oval nomograph (Whalen, 1970) for the larpest polar cap expansion
given for a complete oval (Q=7). The discrete arcs and bright
continuous aurora have been sketcehed in from the photograph to show
that for this storm the aurcoral oval has cxpanded even more than
indicated in the nomograph.

We have attempted to compute a predicted bremsstrahlung X~ray
flux at the LEPS aperture given the observed precipitating eleciron

7,
- . 4
flux. The observed count ra*e for the point under study is 10 cts/scec.

This occurs at altitude 900 km, magnetic latitude V707, and UT 9“.
An arrow on Figure 8 points out the time under study for the forth-
coming comparison of observed vs. predicted count rate at the LEPS.
A "best case'" approach in estimating the configuration of the LEPS
with respect to the auroral zone is taken in order to maximize the

predicted count rate result. Referring to igure 13, the opening

angle of the LEPS is 46Y and the subtended are is

o)
1]

| S
2r sin 2 o= 202886 km) sin 23

-~
il

2255 km,

assuming the satellite is 26" poleward from the average latitude of

the aurora. From the $3-2 clectron data of Vampola (private commun-
ication) the extent of the precipitating zone is approiimately 1H

in latitude or 1665 km. Thus, the emitting volume is 2255 km ¥ 166 k=
3.75 % 1016 sz. Based on the electron observations for the date, the
flux of precipitating electrons over Lhis auroral zone is, on the
average, 3.5 % 106 clcvtrnns/vmz—ch. From the area in view o) the

LEPS, the total electron flux is P = 1.3 = 1033 clectirons/sec. The

total area A, of a sphere centered on the anroral arca and having o
radius equal to the satellite distance awav is 1.05 >~ l()lH cm). Thus,
P/A = 1.25 % 105 electrons/cmz—scc. We assume an isotropic distribution
of the bremsstrahlung flux and further neglect the atmospheric absorption
(justiiried because of the high (100 keV) eneryy considered along with

the very small residual atmosphere between 100 km and the satellite
altitude). 1In order to obtain the bremsstrahlung {lux at the detector
we use the numbers calculated by Berger and Scltzer (1972), @(K)/JukvV—l,
the differential bremsstrahluong lux per nnit incident clectron current

«

and multiply by the above computed fa- or .75~ 10°.  The e—folding

1
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cnerpy obtained trom the olectron data is appror inately AU ke,

Thus ‘I'(K)/«l) kL'\'_l ditterential is 7 = l()—/. The total bremsstrahilung:
(

Flux comouted Tor the 100 keV (AF = 41 keV) charnel ot the LEPS s

-7 vhotons noelectrons .
7ox o qo o Rhetens o g VIR o e - e
electronses ke 2
Gt see
~ ., photons . .
/. s, where + = eriae o eney of dotoector
s0¢

Referring to Fivure 7 shows that the expected percent efticiency
of the LEPS to 100 keV photoelectrons is only 0.27. (A laboratory
calibration ot the LEPS for its sensitivity to X ravs was not performed.)

The final predictoed photon counts/see for this date of interest is
7.2 % 0.27 = 0.0144.

Thus there exists a great discrepancy between the predicted value of
)
approximately 10 cts/sec and the observed value of approximately

7
1()4 cts/sec.

5. CONCLUSTON

This study has shown that the LEPS is considerably more sensitive
to X~rays than initially predicted.

A possible reason for this discrepancy could be that the Berger
and Selteer caleulation assumes o simple exponential spectrum for
the precipitating electrons.  Some actual measurcments, however, show
4 otwo (or more) component celectron spectrum which probably results
in a higher X—=rav production rate. Also, this instrument was not
carctully calibrated for X-rays prior to laannch.  There mav be inherent
design characteristics that result in a higher than expected counting
rate by X-radiation., Compton scattering in the detector might well
be o source of some ol the counts adding up in the various energy
channels, but this in itselt does not resolve the discrepancy.  The
fact that the LEPS recorded a signal at times as large as 2 X 10[‘ cts/sec
in the auroral direction warrants attention in desipgning and operating
any detectors similar in desipgn and construction to the LEPS and
operating them in ane orbital contiguration similar to that of
the S3-2 satellite,

Finallv, the relatively cortain results in this studv of the five

12

S o ——y =

[P

— s




months observations are: the single high peak is always seen in the
auroral zone direction; the peak is more intensce the greater the Kp
index, and the dynamic range of auroral X-ravs of four or five orders
of magnitude found in other auroral X-ray studies scems to be found in

these observations.
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Figure 1. Typical data record of northern hemisphere showing the
anomalous single peak in the polar region.  The peak is

scen once per 18 second spin from a dircection below the

satellite's local horizon. The night peak at a particu-
lar pitceh angle decreases as the pole is approached, and
the dav peak at a different piteh angle increases as the

satellite recedes trom the pole,

Figure 2. Polar peak virtually disappears during this time ot low

magnetic activity (Kp = 2-).

Figure 3. Planetary magnetic three-hour-range indices, December 10,

1975 to April 29, 1976.

Figure 4. Projection of north polar pass of satellite orbits

on an invariant latitude, magnetic local tiwe diagran.

Figure 5. Comparison of polar peak obscrvations from dusk side
(col. A) with midnight-noon passes (col. B) for high to

low Kp index.

Figure 6. A monoenergetic beam of spiraling charged particle vadi-
ation having particle velocity v would be observed at
pall pitch angle with respect to magnetic ficld tine B by

a detector spinning in a planc.

Figure 7. Theoretical percent of X-ravs absorbed in 300 ¢ <ilicon
(LEPS front detector) due to photoclectrie and Compton

effects.

. . _ 7,
Figure 8. The anomalous polar peak reaches an intensity of 2 x 107
counts/sec on this north polar pass, March 26, 1976, Kp

8—: uT = 9h,
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13,

Saroece ob carthe o in the o it phane ander s i ot

polar orbit tron k. Pictured 1re boar oarhital o vantoe
points of the vinele peal obsorvation of the oblicne]y
viewed nipht oand Jdav o aureral cones Looe angles with

respect to the local aadiv are labered,

Variation ot polar peak corresponding to tour orbital
vantave points ot Figure 4 (b, o,d) and selected from
data of Figure B, Peak alwavs appears in the direction

o the night or dav aurora.

DMSP satellite image of Jhe visible nighttime continuous
aurora nlus discrete arces and bands observed on March 26,

1976, A reterence peographic coordinate prid at 100 km

altitade overlavs the imape.  The sacellite subtrack is ,
<hown by o dashed vertical line.  Tne crossing of the

cquatorward cdpe of the adrora occurrved at 925 0T, The "
sunsct terminator lies at the lett of the image. o

SH=-2 and DMSP satellite tracks plotted on invariant lati-
tude, local peomaynetic time auroral oval nomopraph for
March Thy 1976, 0T ‘)“. The image of the aurora from

Fipure I has been sketehed in.

The LEPS, at 886 km awav, with an aperture ot 67 views ‘

anoauroral arca 157 x o= 1haay ko » 2290 k.




Table 1. Energics (MeV) ot LEPS Channels
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